Abstract-The success of tissue engineering scaffolds is intimately linked with the ability of the seeded cells to adequately distribute and proliferate within the scaffold matrix. In tissue engineering scaffolds, it is difficult to achieve adequate distribution due to the hydrophobic nature of most scaffold materials and poor initial distribution following scaffold seeding. In this study, we investigated the distribution of cells in PLGA salt-leached scaffolds after seeding with magnetic nanoparticle loaded cells with a neodymium magnet placed below. The combined use of magnetic nanoparticle seeded cells and magnetic force was able to not only increase the total number of scaffold adherent cells, but also increase the infiltration and distribution compared with controls. This method to control the distribution of cells may provide a method to increase the functionality of tissue engineering scaffolds.
INTRODUCTION
In recent years, much progress has been made in the field of regenerative medicine and tissue engineering. Efforts have focused on developing degradable tissue scaffolds to grow tissues in vitro with function and anatomical structure similar to native tissue. Investigators have attempted to engineer bone, cartilage, skin, and others for numerous clinical conditions. Unfortunately, most approaches have failed to produce solid tissue (>4 mm thickness) with limited cell distribution. Therefore, there is great interest in developing novel methods to facilitate cell migration and growth in thick scaffolds.
Several methods have been developed to enhance cell seeding in scaffolds. These include dynamic seeding methods and/or bioreactors to perfuse cell solutions through scaffold constructs, creating higher initial seeding densities while also increasing cell distribution [1] . However, these methods may either destroy the porous scaffold architecture or fail to produce tissue >2mm thickness.
Advances in nanotechnology have produced magnetic particles designed and tested for a variety of biological and medical applications as imaging contrast agents in cell sorting, bioseparation, drug targeting and the formation of cell sheets [2] [3] [4] [5] . Recently, the use of magnetic nanoparticles to enhance cell seeding in tissue engineering scaffolds has been investigated [6] . It was demonstrated that cells could be loaded with magnetic nanoparticles and seeded onto porous scaffolds through the use of a magnetic field. Though magnetic nanoparticle seeding did increase the total scaffold-associated cells, the location and distribution of the cells remains uninvestigated. If magnetic nanoparticle seeding is able to increase the ability of cells to enter the center portions of the scaffold and proliferate, the potential for complete 3D seeding of scaffolds may be realized. Therefore in this study, we sought to investigate the ability of magnetic nanoparticle loaded cells and magnetic force to cell penetration, distribution, and growth into tissue scaffold.
II. MATERIALS AND METHODS

A. Synthesis of Magnetic FePt Nanoparticles
Magnetic L1 0 FePt nanoparticles of diameter 8 nm used in this investigation were prepared by two steps. First, disordered face-centered cubic (fcc) FePt nanoparticles of 8 nm diameter were prepared via chemical reduction of Pt(acac) 2 and thermal decomposition of Fe(CO) 5 by standard airless technique [7] . The as-synthesized fcc FePt nanoparticles with low magnetocrystalline anisotropy were then transformed to ordered L1 0 FePt nanoparticles with high magnetocrystalline anisotropy by a novel heat treatment technique. Details of preparation of L1 0 FePt nanoparticles by salt matrix annealing technique and their magnetic properties were reported previously [8, 9] .
B. Cell Line and FePt Cellular Uptake and Toxicity
3T3 fibroblasts cells (ATCC) were expanded to the fourth passage and exposed to magnetic nanoparticles by direct addition of FePt magnetic nanoparticles suspended in serum free media. Before use particles were suspended in serum free DMEM and sonicated briefly to distribute. Based on published protocols, magnetic nanoparticles were added at a concentration of 100pg/cell, shown to be a non-toxic and efficient concentration for magnetic nanoparticle delivery with Fe 2 O 3 , followed by 4 hours of incubation [3, 5] . Cell uptake was verified by Prussian blue staining of exposed cells adhered to coverslips.
To verify the effects of FePt on cell viability, 3T3 cells were exposed to 100pg/cell of FePt for 4 hours followed by removal of the nanoparticle containing media. Fresh media was replaced and viability analyzed by live/dead cytoxicity/viability staining (Molecular Probes-Invitrogen, Carlsbad, CA). Live and dead total cell numbers were
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C. PLGA Salt-Leached Scaffolds
Scaffolds were fabricated from PLGA (75:25, MW135kDa). Scaffolds were prepared following established protocols. NaCl was used as the porogen and was sieved to a diameter of 250µm. Following fabrication, the salt was leached in distilled water and leaching verified by the absence of precipitate after addition of 0.1M silver nitrate. Scaffolds were viewed using SEM to verify porosity.
D. Scaffold Seeding and Magnet Application
FePt nanoparticle exposed 3T3 cells were thoroughly rinsed in PBS, trypsinized, and seeded at a density of 1 x 10 5 cells per scaffold. Scaffolds were sterilized in 70% EtOH, exchanged in PBS, and pre-wet with DMEM prior to seeding. Scaffolds were surface seeded by even distribution of 20µL of cell solution along one side (facing upward) of the scaffold. Immediately following seeding, a cylindrical neodymium magnet (diameter, 30mm; height, 15mm; magnetic induction, 4000G) was placed underneath the well plate ( Fig. 1 ). The scaffolds were incubated for 3 hours to allow cell attachment, then submersed in DMEM with 10% FBS.
E. Analysis of Cell Infiltration and Distribution
Scaffolds were allowed to incubate for 3 days then processed as previously described [11] . Briefly, the cells adhered to the scaffolds were labeled with the cell tracer dye CFDA-SE (Invitrogen), fixed in cold methanol, embedded in OCT, and cryosectioned at 20µm. Sections were then organized, imaged, and compiled to a 3D image as previously described [11] . Additionally the cell distribution within each section was determined using a method established in our previous investigations [11] . Image J [10] was used along with the particle counter functionality, tuned to detect fluorescent cells in the images, to determine the number of cells per section. To determine cell density in the center of the scaffold sections, the sampling area was adjusted to a circle 10% of the total section area with origin at the center of the section. Additionally, Prussian blue staining was used to determine whether infiltrated cells contained FePt.
III. RESULTS
A. FePt Cellular Uptake
Viability staining of exposed 3T3 cells at various time points revealed virtually no toxicity in comparison to control unexposed cells (Fig. 2) . 3T3 cells seeded on coverslips and exposed to FePt nanoparticles for 4 hours were fixed and stained for Fe with Prussian blue with Nuclear Fast Red used as counterstain. Visualization and imaging using a Leica DMLB with 100X objective revealed areas staining positive with Prussian blue (blue particles) indicating that particles were either taken up by cells or adsorbed onto the surface of the cell (Fig. 3A-3B) .
B. Cell Distribution and Infiltration Following Magnetic
Force Seeding Sections of both control scaffolds (FePt exposure without magnet application), and magnet exposed scaffolds (n=2 for both) were stained with fluorescent tracer dye, sectioned, imaged, and analyzed for total cells per section (Fig. 4A) . Total cells were expressed as percentage of the total and compared Effect of FePt nanoparticle uptake on 3T3 viability. Cells were exposed to 100pg/cell for 4 hours after which the media containing the particles was removed. Cells were viability stained at 4, 24, and 72 hours after particle exposure.
for both methods (Fig. 4B ). There appears to a slight increase in percentage total cells in the center and bottom of the magnet exposed scaffolds in comparison to control seeding. As expected, the majority of cells in control seeding are present at the location of seeding on the upper surface of the scaffold. Total cell values were then recorded based on scaffold section surface area (mm 2 ) and compared among both methods through the depth of the scaffold (Fig. 4C) . From this plot we can clearly visualize the differences in cell distribution as a result of magnet in conjunction with the FePt nanoparticles. The cell density along the seeded surface of the scaffold begins nearly equivalent for both methods. However, as we descend through the scaffold, the cell density is greatly enhanced in relation to control seeding, most importantly in the center portion of the scaffold.
We next analyzed images from the center of the scaffold to determine the cell distribution within these sections. The central section of the control scaffold without magnet application shows a high cell density at the top of the section corresponding to the seeded side of the scaffold (Fig. 5A) . In contrast, the magnet seeded scaffold section (Fig. 5B) shows an even distribution of cells on the section and a high density of cells in the center of the section, representing the exact middle of the scaffold.
To distinguish if this increase in cell density was due to cells infiltrated into the center of the scaffold or along the outer edges, we specified a restricted counting area. An area focused in the center of the scaffold sections representing a 10% circular area of the total section area with origin at the center was counted to represent central density. From this plot, we are able to clearly see a drastic increase in central cell density in comparison to control seeding ( To determine if these infiltrated cells were due to FePt uptake and magnetic force, center sections were stained with Prussian blue and counterstained in Nuclear Fast Red to visualize FePt particles (Fig. 6) . The images show scaffold associated cells staining positive for FePt as labeled in the image (Fig. 6A) with an inverse image indicating the scaffold and cell (Fig. 6B) . The positively stained particles can also be seen in a cluster of cells adhered to the scaffold (Fig. 6C) , with the scaffold and cells indicated specifically in the accompanying inverse image (Fig. 6D) .
IV. DISCUSSION
Many tissue engineering products have achieved measurable levels of success in regenerating damaged or diseased tissues. However, most successes have been with thin tissues or are not to clinical scale. One reason for this limited process is the ability to adequately construct 3D tissue matrices that resemble physiological tissues. A contribution to this is the difficulty in establishing homogenously seeded tissues in vitro. The goal of this study was to expand upon previous works by other groups which has shown that magnetic nanoparticle loaded cells, coupled with the application of magnetic force, can lead to more scaffold associated cells. In this study, we have attempted to characterize whether this process is able to infuse cells throughout the matrix, especially into the central regions of the scaffold, and whether these cells will survive at that location and potentially proliferate.
Using FePt nanoparticles, which have shown some superior properties compared to Fe 2 O 3 , we have shown that these particles are able to associate with cells, though it is unclear whether they are taken up and temporarily stored by the cells or adsorbed to the cell membrane. Through this association, we are able to draw cells to the scaffold in a more efficient manner than can be achieved through static seeding, as previously established with Fe 2 O 3 . Through careful observation of the scaffold architecture and the adherent cells, it can also be seen that these cells were not only kept on the scaffold, but were also able to infiltrate through the matrix and deposit/adhere throughout the matrix in manner that may not be possible through traditionally static seeding. It was also seen that the cells located within the central portions of the matrix were indeed FePt associated cells. Thus there appears potential that this method may provide a useful method to homogenously seed tissue engineering scaffolds without effecting the viability and functionality of the cells. Though parameters of magnetic force would need adjusting, it may be possible to adequately seed clinically sized constructs and possibly enhance their functionality by both distributing and constituting cells similar to physiological tissues and also controlling their location and organization in relation to other cells.
V. CONCLUSION
Seeding tissue engineering scaffolds through the use of cell associated magnetic nanoparticles and magnetic force appears to be a successful method to increase the number of scaffold associated cells. In addition, this method also can increase the infiltration and distribution of cells within the matrix and has potential to assist the development of more physiological tissues in vitro. Additionally, this method may be useful in controlling the distribution of multiple cell types within constructs and have applications in cell alignment and matrix deposition necessary for the physiological function of many tissues such as muscles and ligaments. 
